Abstract
The paper presents a new thermodynamic approach to studying mixed ligand complex formation reactions in the multicomponent two-phase system "cuprous oxide -ammoniacal copper (I) thiosulfate aqueous solution" under real conditions. The quintessence of developed approach consists in the thermodynamic analysis of concurrent reactions in the heterogeneous system Cu(I) -NH 3 D r a f t
Introduction
The use of cyanide CN -was the dominant method used to extract gold from its ores for many years. However, cyanide is extremely toxic to organic environments and biological creature. [1, 2] Significant efforts have been made to search for alternative reagents, thiosulfate being the most promising candidate. This is mostly due to the fact that thiosulfate is nontoxic, inexpensive, has a good selectivity to gold with limited interference from foreign cations and high gold recoveries from a broad range of gold minerals such as ores copper, carbon blacks and sulfide ores. [3] [4] [5] [6] Additionally, for many years thiosulfate has been used as a fertilizer due to its relatively low impact on the environment. Various oxidants for the thiosulfate system, including oxygen, amine complexes of Cu(II), Co(III) amine complexes, and several Fe (III) complexes have been recommended. [4, [7] [8] [9] [10] But the cupric amine complexes have been studied most intensely, potentially leading to enhancement of copper concentrations in solution.
Additionally, as the leach solutions should be alkaline in order to avoid thiosulfate decomposition, the addition of ammonia is required to stabilize the copper (II) as a copper (II)-ammine complex. [11] The overall reaction of gold leaching is Au(0) + Cu(II) = Au(I) + Cu(I), which has a very low equilibrium constant of the order 10 -26 . [9] In this reaction, the Cu(I)/Cu(II) couple acts as a redox couple supporting in the oxidative dissolution of metallic Au(0). It has been shown that the presence of Cu(II) in the thiosulfate leach solution does not only act as an oxidant, but in addition considerably enhances the gold oxidation reaction. [11] It is obvious that the gold dissolution by ammoniacal thiosulfate depends largely on the stability of gold (I) and copper (I) species produced in reactions of complex formation. [12] Therefore, the information about the speciation of Cu(I) and Cu(II) in these lixiviant solutions is paramount to the optimization of gold ore processing conditions. [10] In the presence of ammonia and copper (II), the reaction of oxidation of metallic gold in Au + in ammonium
The information of the change in chemical speciation throughout different stages of leaching process on industrial level aids in reducing the reagent consumption. [13] The chemistry of the ammonia -thiosulfate -copper (I)/(II) system is complicated due to the presence of two complexing ligands, ammonia and thiosulfate. [14, 15] The insoluble species, which can cause passivation of gold surfaces during leaching, such as copper oxides, also exist depending on the pH and Eh of the solution. [13] Despite considerable research in the thiosulfate -copper -ammonia leaching system, the lack of important formal chemical thermodynamics has delayed the use of the thiosulfate process as an alternative to cyanidation.
The depletion of Cu(II) and Cu(I) from solution through precipitating as insoluble oxides reduces the effectiveness of copper as an oxidant in the gold dissolution process. The low solubility of Cu(II) and Cu(I) in alkaline solutions in the absence of ammonia leads to low rates of gold oxidation. [16] Abbruzzese et al. noted that gold recovery increased from 50%
to 78% as the concentration of ammonia was changed from 1 to 4 mol L -1 . [3] They concluded that the increase in ammonia concentration reduced the thermodynamic stability of of the precipitation -dissolution process of solid salts. [18, 19] In general, Gibbs energy variation calculations for these systems were examined by Povar and Rusu. [20] The complexes of readily hydrolysable copper ions, tris complexes in the case of large ligand excesses, precipitation etc.), can be described by the following GRE equation (the quantity f ijk denotes the partial molar fraction of the respective species in homogeneous system):
where , and . The MB equations for the investigated homogeneous system, described by Eqs. (2) are as follows:
where the alpha coefficient is calculated with the deduced Eq. (3):
On the other hand, the precipitation-dissolution heterogeneous process of the slightly soluble Cu 2 O (S) oxide in the thiosulfate -copper -ammonia leaching system can be described with the following GRE, Eq. (4):
whereby γ ijk is denoted the partial molar fractions of the species in
the analyzed heterogeneous system (to make a difference with homogeneous system), Eq. (5):
The formation of mixed ligand complex species is
characterized by certain peculiarities in the behavior of studied two-phase heterogeneous systems. [15, 21] A rigorous thermodynamic analysis of the heterogeneous process (see Eq. (4)), based on the methodology, described in [19, 20] , shows that the change in Gibbs energy under real conditions is described by the Eq. (6):
where alpha coefficient is given by Eq. (3) and K S denotes the equilibrium constant of the reaction:
The thermodynamic approach, used in this paper, is founded on: 
Repartition of Cu(I) soluble and insoluble chemical species towards the solution pH and total reagent concentrations in heterogeneous mixture "solid phase -saturated solution"
In formulating MB conditions for the precipitate components in heterogeneous mixture it has been taken into consideration the quantity of each component in the solid phase and liquid one (residual quantity). Knowing the residual concentration of "i" ion ( ) in 
The subscript index "sum" symbolizes the sum of the all soluble species fractions containing Cu(I). It is easily to observe that . The molar fraction of the metal ion 1   S sum   from precipitate defines also the degree of precipitation. [20, 22] plotting the diagrams of distribution in solutions. In the γ ijk (pH) diagrams, plotted in this paper, the pH values vary between 6 and 14.
Analysis of selected thermodynamic data
The equilibrium constants for all the analyzed reactions (K) are listed in Table 1 .
Consistent values of equilibrium constants for cuprous thiosulfate and ammine complexes were used (see Table 1 , highlighted in bold). [ 2 -1 were taken from the most recent study of solubility measurements for cuprite in liquid water as a function of pH and temperature. [24] The equilibrium constant for reaction described by Eq. 7 was calculated using the equation Zhang and Senanayake reported that for most ores, the optimum concentrations were: thiosulfate 0.1 to 1.0 mol L -1 , copper (I) < 0.1 mol L -1 , ammonia 0.1 to 3.0 mol L -1 at pH 9 -10.5 and temperatures up to 60 0 C. [2] The thermodynamic analysis using Eq. 6 shows that for high and low reagent concentrations, typically used by researchers for thiosulfate leaching in gold hydrometallurgy, ΔG r < 0 and therefore, the solid phase Cu 2 O (S) is thermodynamically unstable towards dissolution according the schemes (4). [12] The thermodynamic copper (I) speciation diagrams as a function of pH in the homogeneous system Cu(I) -NH 3 (Figs. 3-6 ). Diagrams on these figures were calculated using the thermodynamic method and diagrams of heterogeneous equilibria developed earlier by Povar and Rusu. [20] Results of the calculation of Our results allow more ample forecast of chemical speciation and contribute to efforts to design optimized overall schemes for gold leaching by the systems containing thiosulfate and ammonia lixiviants. The speciation of copper in such complex system can have a detrimental effect on the environment as well as in the industrial processes. The precipitation of cuprous oxide above a critical pH can be used in the treatment of Cu + -containing waste water.
This paper assumes great importance from the economic and environmental point of view, because the thiosulfate process is highly innovative for the gold recovery from minerals and waste materials, such as mining and industrial waste. The optimization of the process parameters allows to improve the efficiency of the leaching process, with recovery yields in line with those of the conventional cyanidation process (about 80% gold recovery), and big savings in terms of energy and consumption of reagents (minus 20 -30%).
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